Abstract-In this paper the extraction of series resistances for high-speed InP DHBT devices is investigated. Known extraction methods based on measured S-parameters are reviewed and error terms are identified. A novel method for intrinsic collector resistance extraction is proposed. The method is based on Sparameters measured in saturation and forward active regions. The results are applied to the large-signal modeling of InP DHBT devices using the UCSD HBT model and very accurate model response is obtained.
I. INTRODUCTION
InP based double heterojunction bipolar transistors (DHBTs) has long been recognized for its high potential in ultrahigh-speed microelectronic applications. For accurate circuit simulation several InP DHBT specific modeling issues must be taken into account. First, the forward transit time and base-collector capacitance experience modulation with bias even in the low current regime. Secondly, the base-collector heterojunction behavior may influence the characteristics in the saturation region due to the current blocking effect. Largesignal models such as VBIC95, HICUM, and MEXTRAM, developed for Si-based bipolar devices, can in general not accurately model the additional mechanisms observed in InP DHBT devices. The UCSD HBT model was developed for Ill-V devices to take the bias modulation of the forward transit time and base-collector capacitance into account [1] . The model is, however, still limited in its accuracy in the saturation region for InP DHBT due to the current blocking effect.
Traditionally the total collector resistance, being the cumulative resistance of semiconductor layers from the contact to intrinsic base-collector junction, has been extracted from the static c -Vce characteristic in the saturation region [2] . The presence of the current blocking effect in InP DHBTs, however, can often be mistaken for a too large intrinsic collector resistance. An alternative method of intrinsic collector resistance extraction avoiding the current barrier effect would clearly be beneficial. In [3] a method based on Sparameter measurements in the cut-off region is proposed as a way to extract the intrinsic collector resistance. In the cut-off region, however, the relative low intrinsic collector resistance is seen in series with a high-impedance due to the intrinsic base-collector capacitance making the extraction based on experimental data difficult. Instead we have observed a strong dependence of the real part of the Z12-parameter in saturation on the intrinsic collector resistance. The presence of an intrinsic collector resistance leads to an overestimation of the emitter resistance obtained with the well-known Sparameters method [4] . Instead the emitter-resistance should be extracted from the real part of the Z12-parameter in the forward active region. Applying an open-collector condition for the saturation region measurements prevents the current blocking effect from occurring allowing accurate extraction of the 'true' intrinsic collector resistance once the emitter resistance is known.
In this paper accurate extraction methods for the series resistances needed for the large-signal modeling of InP DHBT devices is investigated. Particular emphasis will be given on the extraction of the intrinsic collector resistance from S-parameters. The extraction is performed on an integrated InP/InGaAs DHBT device with emitter area lOxl.5,um2 fabricated at the Alcatel-Thales Ill-V laboratory. 
II. EXTRACTION METHOD
A hybrid-HI small-signal equivalent circuit model for the integrated InP DHBT devices is shown in Fig. 1 (5) Re(Z12) RcRbi+ Re (6) Rci + Rbi Re(Z22 -Z12) = Rcx (7) The presence of an intrinsic collector is observed to give rise to an overestimation of the emitter resistance. The extrapolated value depends on the parallel combination of the intrinsic base resistance Rbi and intrinsic collector resistance Rci and do not represent the emitter access resistance.
In Fig. 2 Fig. 3 . The extraction is based on Z-parameters de-embedded for base and collector access resistances (Rb,, and R,,) using the method described in [6] .
Because the extraction of the base-collector capacitance in [6] depends only on differences between the Z-parameters there is no influence from the yet unknown emitter resistance. The intrinsic base resistance Rbi is evaluated from the improved semi-impedance circle method [7] . The extracted intrinsic base resistance versus frequency of our InP DHBT device is shown in Fig. 4 at the bias point (Ic = 27.9mA, Vce = 1.5V). As the intrinsic base resistance is fairly independent of bias for InP DHBT devices the value at the shown bias point is used for Intrinsic base resistance versus frequency (I = 27.9mA, Vce the correction. The value of is estimated from the value of gmRbe extracted at low frequency.
The evolution of Re(Z12) versus inverse collector current for the InP DHBT device is shown in Fig. 5 . Before correction the extrapolated value of approximately 2.5Q is obtained. After correction a value for the emitter access resistance of Re -1.8Q is determined. This value is significantly lower than the extrapolated value found from the saturation region measurements (z 4.OQ) clearly demonstrating the influence from the intrinsic collector resistance on the emitter access resistance determination. 
Inserting previously determined values gives R,i -2.4Q. This is the intrinsic collector resistance at forward biased basecollector junction where the depletion region is narrow. The current blocking effect should not influence the result because the open-collector biasing condition is used.
III. LARGE-SIGNAL MODELING RESULTS
The extracted series resistances have been included into the UCSD HBT large-signal model. The model parameters has been extracted over temperature and self-heating effects is taken into account. As a verification of the intrinsic collector resistance extraction the c -Vce characteristics is shown in Fig.6 . The correct slope at lower current levels in the saturation region is obtained without any further optimization of the intrinsic collector resistance. At higher current level a small difference in slope is observed and this is due to the collector blocking effect. Fig. 7 and Fig. 8 shows the cutoff frequency and total basecollector capacitance versus collector current, respectively. The transit-time parameters of the UCSD HBT model are extracted with emphasis on the simultaneous fitting of the cutoff frequency and base-collector capacitance versus collector current. A compact representation of the S-parameters versus frequency for the bias point I = 24.5mA, Vce = 1.5V close to peak-fT for the InP DHBT device is shown in Fig.   9 . The excellent agreement observed up to 65 GHz confirms the validity of the series resistance extraction approach.
IV. CONCLUSION
Error terms in the extraction of series resistances for HBT devices using known methods based on measured Sparameters have been identified. It has been shown that the 1.5V).
